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Abstract The structure of the Fab fragment of the monoclonal 
antibody MAK 33 (MIgG1) at pH 2 was characterized. Spectro- 
scopic and kinetic analysis revealed a molten globule-like state, 
characterized by elements of secondary structure but less defined 
tertiary contacts than in the native state. However, some aro- 
matic side chains are in an asymmetrical environment. This struc- 
ture was not detected using the isolated light chain or a Fab 
fragment lacking the covalent linkage of the light chain and Fd 
via the C-terminal disulfide bond. Therefore, interactions between 
the two chains, stabilized by the interchain disulfide within the 
Fab fragment, are essential for formation of the alternatively 
folded state. 
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1. Introduction 
Denaturation of proteins often leads to conformations with 
residual structure, depending on the denaturant used [1]. An 
acidic environment can result in protein denaturation by repul- 
sion of intramolecular charges [2], but in most cases denatura- 
tion is not complete; secondary structure and some unspecific 
tertiary contacts were found in a number of proteins [3 5]. 
These structures have been termed molten globule. Under ap- 
propiate conditions the molten globule is in equilibrium with 
the completely denatured or native state and, therefore, was 
proposed to be the third themodynamic state of a protein [6]. 
Furthermore, it is a universal kinetic intermediate formed early 
during protein folding [4,7-10]. 
However, the structure of a protein, obtained under partially 
denaturing conditions, must be investigated carefully, before 
deciding whether or not it fits to the molten globule model. 
Recently, we investigated the structure of an intact antibody at 
low pH. Although some of the characteristics of a molten glob- 
ule could be observed, the antibody exhibited a high stability 
against gdm/C1 and temperature, indicating a cooperative de- 
naturation of a at least partially defined tertiary structure which 
we, therefore, termed alternatively folded state [11]. In this study 
we have extended the investigations to the Fab fragment of the 
respective antibody. The Fab fragment in which the light chain 
and the Fd chain were covalently linked by a natural disulfide 
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N-terminal domains. 
bond showed spectroscopic characteristics similar to that of the 
intact antibody. However, neither the isolated light chain nor 
a Fab fragment lacking the covalent linkage of the two chains 
(Faba~0 retained any residual structure under acidic conditions. 
Therefore, the stability of the alternatively folded state for the 
intact antibody and the Fab fragment is not a property of the 
antibody domains, but strongly depends on interchain interac- 
tions, stabilized by the disulfide between the two chains. These 
interactions are presumably the molecular basis for the unusual 
thermodynamic characteristics of the alternatively folded state 
of the intact antibody. 
2. Materials and methods 
2.1. Materials 
The Fab fragment [12] and all reagents used for the ELISA including 
biotinylated creatine kinase were obtained from Boehringer Mannheim 
GmbH. Tris and DTT were from ICN and acrylamide was from Serva. 
2.2. Incubation of Fab at pH 2 
To achieve a rapid pH shift a stock solution of the Fab fragment was 
diluted 100-fold in 10 mM HC1. To remove residual salt this protein 
solution was dialyzed (>10 h, 4°C) against a 1000-fold volume of 
10 mM HCI. After dialysis the protein concentration was adjusted to 
1 mg/ml using an extinction coefficient eF.b = 80,000 M -l" cm -~. 
2.3. Preparation of a Fab fragment lacking the intercha& disulfide 
( Fab .lk ) 
The reduction and irreversible alkylation of the interchain disulfide 
bond was performed as described previously [13]. 
2.4. Spectral analysis 
CD: The CD spectra were recorded with a computer-equipped Jasco 
500A CD spectrometer. The protein concentration used was 1 mg/ml 
for far UV CD in a 0.1 mm cell and 0.5 mg/ml for near UV CD in a 
cell of 1 cm light path. 
Fluorescence: The spectra of the Fab fragments at different buffer 
conditions were measured in a 1 cm thermostated cell (25°C) with a 
SpexFluoromax fluorimeter. The protein concentration was always 10 
/~g/ml. The excitation wavelength was set to 280 rim. In the case of 
acrylamide quench it was 295 nm. The slits for both excitation and 
emission were adjusted to 4.25 nm. 
2.5. ELISA measurements 
To follow the regain of antigen binding activity upon renaturation 
a quantitative ELISA was used as described previously [14]. 
3. Results and discussion 
3.1. Comparable 'alternatively folded states' are achieved for the 
Fab fragment and the intact antibody upon incubation at 
acidic pH 
Recently, we described the structure of the monoclonal anti- 
body MAK 33 (lc/IgG1) at pH 2 and low ionic strength. Under 
these conditions the antibody adopted a defined structure dif- 
ferent from the native and denatured state, termed alternatively 
.folded state [11]. To characterize this structure in more detail, 
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Fig. 1. Spectroscopic properties of different Fab conformations. The spectra of the Fab fragment in the native state ( ), the denatured state (...) 
and at pH 2 (- -) are displayed. The buffer conditions were 10 mM potassium phosphate, pH 7; 10 mM HC1, 6 M urea and 10 mM HCI, respectively. 
(A) CD spectra in the peptide region; (B) CD spectra in the aromatic region; (C) Fluorescence spectra. 
we investigated a less complex system, the Fab fragment of the 
respective antibody at low pH. In Fig. 1 the spectroscopic 
characteristics of the native, denatured and alternatively folded 
state of the Fab fragment are shown. With all methods used, 
differences between the three states could be detected. Most 
interestingly, the higher amplitude of the far UV CD spectrum 
of the alternatively folded state compared to the native protein 
might indicate significant changes in secondary structure, that 
are accompanied by changes in tertiary structure as monitored 
by near UV CD and fluorescence. Similar results were previ- 
ously obtained for the intact antibody [11], strongly suggesting 
that the principal aspects of this conformational change occur- 
ring at incubation at low pH are the same for the antibody and 
the respective Fab fragment. 
The ahernatively folded state of the intact antibody was pre- 
viously analyzed with respect to thermodynamic parameters. It 
was shown that the antibody can be reversibly denatured by 
gdm/Cl in a cooperative transition and transition enthalpies 
were calculated from calorimetric measurements [11]. Although 
the spectroscopic data suggest that at low pH the Fab fragment 
has a structure similar to that of the intact antibody, it differs 
significantly in stability. Whereas the alternatively folded state 
of the antibody was stable up to 2.5 M gdm/C1 [11], the Fab 
fragment at pH 2 was fully denatured at 1.8 M gdm/C1 (data 
not shown) or 3 M urea (Fig. 2). Thermodynamic parameters 
cannot be obtained for the Fab fragment because the denatura- 
tion is not fully reversible (Fig. 2) due to partial aggregation 
during renaturation (data not shown). 
3.2. Conformational probes for analyzing the structure of the 
'alternatively folded state' 
The spectroscopic characterization f the Fab fragment at 
low pH proved that it adopts the alternatively folded state. 
However, an interpretation of these spectra with respect o 
secondary and tertiary structure of the protein is very difficult. 
Therefore, we used two different probes, specific for tertiary/ 
quaternary structure, to evaluate the properties of the alterna- 
tively folded state: (i) conformation of prolyl peptide bonds and 
(ii) solvent exposure of tryptophan residues. 
(i) In the native state the Fab fragment contains four prolyl 
residues in the cis conformation as judged by comparison with 
antibodies of known structure [15]. The isomerization of these 
prolyl residues is rate determining during refolding from the 
gdm/C1 denatured state [16, 17]. If the prolyl residues in the 
alternatively folded state maintain their native conformation, 
the refolding to the native state at neutral pH should not de- 
pend on a slow cis/trans isomerization reaction. In Fig. 3 re- 
naturation starting from the alternatively folded state is shown. 
This folding reaction is a slow process, characterized by a rate 
constant  kap p - -0.03 min -1, which is identical to the proline- 
determined refolding of the gdm/C1 denatured state [16,17]. 
This reactivation reaction could be catalyzed by cyclophilin and 
FKBP in the same way as known for the refolding of the 
gdrn/C1 denatured state. Thus, none of the cis prolyl peptide 
bonds is maintained in the alternatively folded state. 
(ii) The other probe used to analyze tertiary structure was 
quenching of tryptophane fluorescence by acrylamide. This 
quenching is based on an energy transfer from the fluorophore 
to acrylamide molecules by collision and can therefore be used 
as a measure of solvent exposure of the respective fluorophores. 
In Fig. 4 acrylamide quenching of the fluorescence of the native 
Fab, the gdm/C1 denatured protein and the alternatively folded 
state are compared. In the native state only a small effect of 
acrylamide can be seen because most of the tryptophanes are 
buried in the interior of the protein. However, in the completely 
denatured and the alternatively folded state the quench effect 
is much higher. Therefore, all tryptophane r sidues of the Fab 
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Fig. 2. Urea induced denaturation f the alternatively folded state of 
Fab. The Fab fragment (10 #g/ml) was incubated in 10 mM HC1 at 
various concentrations of urea/HC1, pH 2 for 45 h at 20°C, either 
starting from 0 M (o) or 7 M (o) urea. The fluorescence at 350 nm 
(excitation 280 nm) was measured. 
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Fig. 3. Renaturation kinetics of Fab starting from the alternatively 
folded state. Renaturatin of the alternatively folded state of Fab was 
initiated by diluting it 100 fold in 0.1 M Tris-HC1, pH 8. The final Fab 
concentration was 0.2 #M. At time points indicated further eactivation 
was blocked by adding trypsin to a final concentration f400 Mg/ml. 
The amount of native Fab was analyzed by ELISA. The kinetics were 
performed inthe absence of other factors (o), in the presence of6 #M 
FKBP (o) and in the presence of6 #M Cyp (v). The solid lines represent 
fits to a single first order reaction with rate constants of k~ = 0.035 
min -l, k(e ) = 0.06 min -I and k~w = 0.11 min -l. 
fragment seem to be solvent-exposed at pH 2, although some 
aromatic side chains adopt defined positions within this struc- 
ture as judged from the near UV CD spectra (Fig. 1). 
3.3. Fab,z~ does not exhibit the 'alternatively folded state' 
In order to investigate whether this alternatively folded state 
is an intrinsic property of the isolated antibody chains the 
conformation of the isolated light chain at pH 2, pH 7 and in 
gdm/C1 was characterized spectroscopically. Under the condi- 
tions used no differences in the far- and near UV CD spectra 
of the protein at pH 2 and pH 2, 4 M gdm/C1 could be observed, 
while the spectrum at pH 7 was typical for that of an immuno- 
globulin (data not shown). These results how that, in contrast 
to the Fab fragment and the intact antibody, the isolated light 
chain is not structured at low pH. The alternatively folded state 
may thus either not be a property of the isolated immunoglob- 
ulin domains or the Fd chain may be responsible for the struc- 
ture at low pH. A third possibility is that quaternary contacts 
between the light chain and Fd, which stabilize the otherwise 
unstructured chains may be necessary. In the latter case desta- 
bilization of the quaternary structure should result in a destabil- 
ization or complete loss of the ahernativelyfolded state, in the 
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Fig. 4. Acrylamide quenching oftryptophane fluorescence Quenching 
of the native Fab (I), the alternatively folded state (v) and the fully 
denatured protein (v) are shown. The buffer conditions are the same 
as given in Fig. 1. The amplitudes A of the buffer corrected spectra t 
350 nm were normalized tothe amplitudes A0 of the respective protein 
in the absence of acrylamide. 
former cases no differences would be expected. To test this we 
used an Fab fragment, which lacks the covalent linkage be- 
tween the light chain and Fd via the C-terminal disulfide bond 
(Faba~k). Analysis of Faba,k under conditions identical to those 
for Fab revealed that Faba,k did not form an alternatively folded 
state at low pH (Fig. 5). It should be noted that in the case of 
Fab,jk differences in the amplitudes between the gdm/C1- and 
acid-denatured forms could be detected by fluorescence. This 
difference cannot be explained at present. However, in both 
near-and far-UV CD, no differences could be observed for the 
acid- and gdm/Cl-denatured forms of Fab,,k. These results 
clearly contradict the hypothesis that isolated Fd may be re- 
sponsible for the alternatively folded state. Instead, the quater- 
nary structure of the Fab fragment, strongly stabilized by the 
covalent linkage of the two chains seems to be essential for 
stabilizing the alternatively folded state. 
Taken together, most characteristics of the Fab fragment at 
low pH resemble that of a molten globule: cis prolyl residues 
were not stabilized by tertiary structure; all parts of the mole- 
cule detectable (tryptophane r sidues) were accessible to sol- 
vent which fits to the model of a 'wet' molten globule [10]. Even 
the necessity of quaternary interactions does not contradict 
such a classification; a tertiary fold has been proposed to be a 
feature of the molten globule [18] and a trimeric [19] and a 
tetrameric molten globule [20] have been described. 
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Fig. 5. Spectroscopic analysis of Fab~j k under different solvent conditions. The spectra were obtained identical to that for Fab; for notation see Fig. I. 
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However, the near UV CD spectrum of Fab at pH 2 distin- 
guishes between the molten globule state and the Fab structure 
at pH 2. Comparison of the spectroscopic analysis of the Fab 
fragment and the intact antibody which had been previously 
characterized and termed alternatively folded state [11] revealed 
that the Fab fragment adopted a similar structure at low pH. 
Thus, the Fab fragment could be used to analyze the molecular 
basis of the properties of the alternatively Jblded state. The 
alternatively folde state was only observed with the disulfide- 
brigded Fab fragment, but not with Fab,lk or the isolated light 
chain under the conditions used. Thus, quaternary contacts, 
most likely involving some aromatic side chains (see near UV 
CD spectrum), stabilized by the interchain disulfide bond, seem 
to be responsible for the thermodynamic properties of the alter- 
natively folded state of the antibody molecule. 
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